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FOREWORD 


This  report  was  prepared  by  the  McDonnell  Company,  St.  Louis,  Missouri 
on  Navy  Contract  NOw  66- 0372-f,  "F-UB/J  Direct  Lift  Control."  Work  was  admin¬ 
istered  under  the  direction  of  the  Stability  and  Control  Section,  Airframe 
Division,  Naval  Air  Systems  Command. 

The  study  presented  herein  began  in  July  1966,  was  concluded  in  December 
1966,  and  represents  the  efforts  of  the  Engineering  Technology  Division,  the 
Aircraft  Engineering  Division,  and  the  Automation  Center  of  the  McDonnell 
Company.  Personnel  of  these  divisions,  in  addition  to  the  authors  noted,  made 
significant  contributions  to  the  study. 

This  final  report  concludes  the  work  on  Contract  NOw  66-0372-f. 
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ABSTRACT 


An  aerodynamic  analysis  and  system  design  study  for  incorporation  of 
Direct  Lift  Control  (DLC)  in  the  McDonnell  F-Uj  airplane  has  been  accomplished. 
Redesign  of  lift  or  control  surfaces  was  not  considered.  Design  of  both  a 
prototype  and  production  configuration  was  conducted,  with  the  prototype  con¬ 
figuration  having  the  capability  of  DLC  system  variation  for  optimization 
through  flight  testing.  Design  was  carried  out  to  the  schematic  drawing  stage 
and  word  descriptions  of  all  system  changes  required  are  included.  The  results 
of  an  analog  computer  study  were  utilized:  to  define  the  flap  nominal  position, 
deflection  rate,  and  total  travel  required  to  obtain  the  specified  incremental 
normal  load  factors  (±  .10  or  +  .13/-. 07);  to  determine  DLC-Stabilator  and 
DLC-Approach  Power  Compensation  System  (APCS)  Interconnect  requirements;  and 
to  investigate  wave-off  capabilities.  It  is  shown  that  DLC  incorporation  in 
the  F-U  airplane  is  feasible.  Production  incorporation  may  necessitate  con¬ 
sideration  of  the  required  strength  of  the  landing  gear  and  backup  structure, 
as  well  as  wind-over-deck  requirements  for  carrier  operations,  if  flight  evalu¬ 
ation  of  DLC  shows  that  increased  landing  attitude  or  increased  approach  speed 
is  required. 
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1.  INTRODUCTION 


It  has  long  been  recognized  that  one  of  the  most  exacting  tasks  required 
of  a  pilot  is  landing  aboard  an  aircraft  carrier.  To  be  able  to  land  safely 
and  without  damage  to  the  airplane  in  a  moving  area  only  several  times  longer 
than  the  airplane's  length  is  primarily  dependent  on  a  low  approach  speed  and 
precise  flight  path  control.  In  recent  years  developments  such  as  boundary 
layer  control,  optical  landing  systems,  angle-of-attack  indexer,  automatic 
throttle,  improved  arresting  gear  and  landing  gear  have  all  contributed  to 
the  safety  of  operation  and  reduction  of  aircraft  damage  during  landings.  How¬ 
ever,  the  United  States  Navy,  desiring  further  improvement  in  this  area,  has 
initiated  and  sponsored  considerable  research  and  development  concerning  the 
problem  of  flight  path  control.  Recent  investigations  by  both  the  Navy  and  its 
contractors  (References  1,  2,  3,  end  h)  concerned  a  new  system  of  flight  path 
control  which  shows  considerable  improvement  for  the  configurations  investi¬ 
gated.  This  system,  called  Direct  Lift  Control  (DLC),  differs  from  the  con¬ 
ventional  control  in  that  the  pilot  manipulates  the  airplane's  high  lift  devices 
rather  than  rotating  the  entire  airplane  to  effect  increases  or  decreases  in 
aircraft  lift.  The  airplane  is  flown  at  essentially  a  constant  angle-of-attack 
while  the  high-lift  devices  are  extended  or  retracted  to  maintain  or  correct 
the  flight  path.  The  major  advantage  of  this  system  is  the  more  rapid  vertical 
response  of  the  airplane  which  permits  more  precise  control  of  the  flight  path. 

The  Navy  requested,  under  Contract  No.  NOw  66-0372f,  F-UB/J  Direct  Lift 
Control,  that  the  McDonnell  Company  conduct,  from  both  an  aerodynamic  and 
design  standpoint,  a  feasibility  study  of  the  incorporation  of  a  DLC  system  in 
the  McDonnell  F-U  airplane.  Specifically,  the  basis  for  this  study  was  the 
McDonnell  F-Uj  configuration  (drooped  ailerons,  slotted  leading  edge  stabilator 
and  permanently  retracted  wing  leading  edge  inboard  flap)  as  shown  in  Figure  (l). 
No  changes  to  present  lift  o~  control  surfaces  were  considered.  The  fundamental 
system  requirement  from  an  aerodynamic  standpoint  was  the  ability  of  the  DLC 
system  to  produce  incremental  normal  load  factors  of  either  ±  0.10  or 
+  .13/. 07  "g".  Evaluation  of  the  adequacy  of  these  DLC  load  factor  capabilities 
for  flight  path  control  on  the  glide  slope  was  not  part  of  this  study.  Design 
studies  were  carried  out  to  the  schematic  drawing  stage  and  include  word 
descriptions  of  all  system  changes  required  for  both  a  prototype  and  a  produc¬ 
tion  configuration.  Fundamentally,  the  prototype  configuration  has  the  ability 
to  optimize  the  DLC  system  during  flight  testing.  Flap  deflection  rate,  travel 
and  nominal  position  and  DLC-Stabilator  and/or  DLC-APCS  Interconnect  requirements 
were  also  determined. 

For  the  feasibility  study  reported  herein,  the  effects  of  possible  increases 
in  approach  speed  or  attitude  on  the  required  strength  of  the  landing  gear  and 
back  up  structure  were  not  evaluated.  Production  incorporation  may  also  require 
investigation  of  the  effects  of  increased  wind-over-the-deck  requirements  on  the 
overall  carrier  suitability  if  flight  test  evaluation  of  DLC  indicates  that  in¬ 
creased  landing  attitude  or  approach  speed  is  required. 
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2.  DIRECT  LIFT  CONTROL  SYSTEM  CONCEPT 


2.1  Objectives 

The  incorporation  of  a  DLC  system  in  the  McDonnell  F-4j  aircraft  has  as 
its  primary  objective  the  attainment  of  both  a  symmetrical  ±  .10  and  an  unsym- 
metrical  +  .13/-. 07  "g"  incremented  normal  load  factor  capability;  evaluation 
of  the  adequacy  of  these  DLC  capabilities  for  flight  path  control  was  not  an 
objective.  These  capabilities  were  obtained  subject  to  the  following  ground 
rides  and  secondary  objectives: 

(1)  The  DLC  system  would  utilize  the  present  F-4j  aerodynamic  lift  or 
control  surfaces;  modification  of  present  surfaces  or  incorporation  of 
new  surfaces  would  not  be  considered. 

(2)  The  DLC  surface  deflection  rates  would  be  sufficient  to  avoid  com¬ 
promising  rapid  aircraft  response  to  DLC. 

(3)  DLC  surface  induced  pitching  moments  which  result  in  undesirable 
pitch  transient  and  angle  of  attack  changes  would  be  counteracted  with  a 
DLC-Stabilator  Interconnect . 

(4)  DLC  surface  induced  drag  which  results  in  undesirable  speed  tran¬ 
sients  or  changes  would  be  counteracted  with  a  DLC-Approach  Power  Compen¬ 
sation  System  (APCS)  Interconnect. 

(5)  The  DLC  system  would  not  compromise  the  lateral  control  system  or 
lateral  control  characteristics  during  DLC  operation. 

In  analyzing  the  above  objectives,  considerable  use  was  made  of  the  analog 
program  described  in  Appendix  B.  The  results  of  this  program  are  the  basis  for 
most  of  the  substantiating  data  of  this  section  of  the  report.  The  following 
sections  describe  the  DLC  system  characteristics  required  to  meet  the  objectives 
described  above. 

2.2  DLC  Surface  Requirements 

The  lift  or  load  factor  producing  capabilities  of  the  DLC  surfaces  and  the 
specified  load  factor  requirements  combine  to  determine  the  surfaces  required 
and  their  nominal  or  neutral  position. 

2.2.1  DLC  Surface  Selection  -  The  lift,  drag,  and  pitching  moment  charac¬ 
teristics  of  the  trailing  edge  flaps,  ailerons,  and  spoilers  were  determined 
from  available  wind  tunnel  and  flight  test  data  on  both  the  "undrooped"  and 
"drooped"  aileron  F-UB/J.  These  data  show  that  utilizing  either  the  ailerons 
alone,  or  in  combination  with  the  spoilers,  would  not  result  in  a  system  capable 
of  meeting  the  specified  load  factor  requirements.  However,  the  trailing  edge 
flaps  used  done  are  capable  of  meeting  the  specified  requirements,  and  conse¬ 
quently,  a  system  using  the  trailing  edge  flaps  (hereafter  referred  to  as  flaps) 
was  selected  for  DLC.  The  selection  of  the  flaps  for  DLC  has  the  added  advan¬ 
tage  that  it  does  not  compromise  the  present  F-4J  lateral  control  system  or 
lateral  control  characteristics  for  the  DLC  configuration. 
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2.2.2  Nominal  Deflection  Requirements  -  The  nominal  flap  deflections 
required  to  meet  the  specified  load  factor  requirements  were  determined  utiliz¬ 
ing  the  aforementioned  flap  characteristics  in  conjunction  with  the  analog 
computer  program.  The  peak  normal  load  factors  were  determined  for  a  series 
of  nominal  flap  positions  with  a  maximum  flap  deflection  of  60  degrees  and  min¬ 
imum  flap  deflections  from  24  to  12  degrees.  From  the  results,  which  are  shown 
in  Figure  (2),  a  nominal  flap  position  of  27  degrees  with  a  minimum  flap  deflec¬ 
tion  of  13  degrees  was  selected  to  meet  the  +.13/-. 07  "g"  requirement,  and  a 
flap  position  of  32  degrees  with  a  minimum  flap  deflection  of  12  degrees  was 
selected  for  the  -  .10  "g"  requirement.  These  nominal  flap  positions  were 
maintained  for  the  remainder' of  the  study.  The  3.5  degree  glide  slope  approach 
speeds  at  13  degrees  wing  angle-of-attack  for  nominal  flap  positions  of  27 
degrees  and  32  degrees  are  143.1  and  l4l.3  KCAS  respectively.  Figure  (3)  pre¬ 
sents  the  relation  which  then  exists  between  pilot  DLC  command  and  incremental 
flap  deflection  for  the  two  nominal  flap  positions.  It  should  be  noted  that 
the  above  data  were  obtained  with  flap  induced  pitching  moment  and  drag  equal 
to  zero  (  *  0  and  AV  =  0),  i.e.,  assumes  perfect  interconnect  operation. 


It  will  also  be  noted  on  Figure  (2)  that  at  the  selected  nominal  and  mini¬ 
mum  flap  deflections  the  load  factor  capabilities  exceed  the  specified  require¬ 
ments,  being  +.14/-.08  "g"  and  ±  .11  "g".  A  "cushion"  of  .01  "g"  was  purposely 
included  in  order  to  insure  meeting  the  specified  load  factor  requirements  when 
the  effects  of  the  flap  induced  pitching  moment  and  drag  and  DLC-Stabilator/APCS 
Interconnects  were  introduced. 


2.3  Surface  Deflection  Rate  Requirements 

The  flap  deflection  rate  during  DLC  operation  affects  the  rate  of  normal 
load  factor  increase,  and,  consequently,  the  altitude  response  characteristics 
of  the  DLC  system.  The  flap  deflection  rate  during  DLC  operation  should  be 
sufficient  to  insure  that  rapid  aircraft  response  to  DLC  is  not  compromised. 
Initial  estimates  indicated  a  flap  deflection  rate  of  75  degrees  per  second 
would  be  required  to  prevent  any  significant  degradation  in  altitude  response. 
During  the  analog  program  investigation  of  the  effect  of  flap  rate  indicated 
negligible  effect  on  peak  normal  load  factor  until  rate  limits  of  less  than 
20  degrees  per  second  were  imposed.  In  addition,  as  shown  in  Figures  (4)  and 
(5),  noticeable  reduction  in  altitude  and  attitude  increments  obtained  after  two 
and  five  seconds  were  not  indicated  until  rate  limits  of  less  than  50  degrees 
per  second  were  imposed.  However,  since  reduction  of  flap  rate  requirements 
from  75  degrees  per  second  to  50  degrees  per  second  would  not  result  in  appreci¬ 
able  simplification  in  system  design,  the  75  degree  per  second  requirement  was 
maintained  to  insure  optimum  system  performance. 

It  should  be  noted  that  the  above  investigation  was  conducted  with  flap 
induced  pitching  moments  equal  to  zero.  The  pitch  angle  changes  shown  in 
Figures  (4)  and  (5)  are  a  result  of  flight  path  angle  changes,  i.e.,  the  air¬ 
craft  angle-of-attack  remains  essentially  constant  and  changes  in  flight  path 
angle  result  in  corresponding  pitch  angle  changes. 
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2 . U  DLC-Stabilator  Interconnect  Requirements 

The  uncompensated  pitching  moment  induced  by  flap  deflection  during  DLC 
operation  could  result  in  undesirable  pitch  transients  and  angle-of-attack 
changes  which  would  tend  to  nullify  the  incremental  lift  due  to  flaps.  These 
moments  must  be  counteracted  by  either  the  pilot  or  a  DLC-Stabilator  Intercon¬ 
nect  if  the  full  lift  capabilities  of  the  flaps  are  to  be  realized.  The  incre¬ 
mental  stabilator  positions  required  to  counteract  the  flap  induced  pitching 
moments  are  presented  in  Figure  (6)  as  a  function  of  pilot  DLC  command  and 
center  of  gravity  location.  Also  shown  are  the  schedules  of  incremental  stabi¬ 
lator  deflection  versus  DLC  command  selected  for  the  DLC-Stabilator  Intercon¬ 
nects.  Figures  (7. a)  and  (7*b)  present  typical  time  histories,  with  and  with¬ 
out  the  DLC-Stabilator  Interconnect,  which  demonstrate  the  adverse  angle  of 
attack  change  incurred  due  to  uncompensated  flap  induced  pitching  moments. 

It  will  be  noted  that  the  angle-of-attack  change  without  DLC-Stabilator 
Interconnect  nullifies  the  normal  load  factor  due  to  DLC  in  less  than  two 
seconds.  This  raises  the  question,  "Without  DLC,  what  is  the  normal  load 
factor  and  altitude  response  due  to  comparable  pitching  moments  introduced  with 
the  stabilator  at  the  same  rate?"  Conventional  longitudinal  control  with  the 
stabilator  is  characterized  by  an  initial  adverse  load  factor  induced  by  the 
down  load  on  the  stabilator  followed  by  the  increase  in  load  factor  correspond¬ 
ing  to  the  aircraft's  response  in  pitch.  Typical  load  factor  responses  to  a 
step  stabilator  and  DLC  commands  are  compared  below. 


Since  altitude  changes  are  proportional  to  the  areas  under  the  curves,  control 
with  the  stabilator  requires  longer  time  intervals  to  produce  altitude  changes 
comparable  to  those  obtained  with  DLC.  For  short  time  intervals  the  advantage 
of  DLC  is  apparent. 

Figures  (8. a),  (8.b),  (9. a),  and  ( 9 -b )  show  the  effect  of  the  DLC  Stabilator 
Interconnect  on  peak  load  factor  and  altitude  and  attitude  increments;  data  with 
and  without  the  interconnect  are  compared  with  data  obtained  with  the  pitching 
moment  due  to  flaps  equal  to  zero  (  AC-mp-  *  0).  The  response  obtained  without 
an  interconnect  is  significantly  degraded  from  that  obtained  with  an  interconnect. 
The  latter,  in  turn,  is  almost  identical  to  the  response  obtained  with  ideal  inter¬ 
connect,  i.e.,  ACmpp  *  0. 

The  DLC-Stabilator  Interconnect  schedules  shown  in  Figure  (6)  were  optimized 
for  a  C.G.  of  29Jf  c.  However,  the  data  presented  in  Figures  (10. a),  (10. b), 

(11. a),  and  (ll.b),  which  show  the  effect  of  C.G.  location  on  peak  load  factor 
and  altitude  and  attitude  increments,  indicate  that  interconnects  optimized  for 
a  mean  C.G.  location  should  be  acceptable  for  C.G.  locations  three  percent  either 
side  of  the  selected  C.G.  These  DLC-Stabilator  Interconnect  requirements  are  com¬ 
patible  with  an  integrated  stabilator  actuator  with  a  *  2  degree  authority  series 
servo. 
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2.5  DLC  -  APCS  Interconnect  Requirements 

Operation  of  the  DLC  system  results  in  an  initial  decrease  in  angle-of- 
attack  vher  positive  load  factors  are  commanded.  This  decrease  in  angle-of- 
attack,  with  normal  operation  of  the  FUj  APCS  would  result  in  a  commanded 
decrease  in  engine  thrust.  Since  the  increased  flap  deflection  necessary  to 
produce  the  desired  positive  load  factor  results  in  greater  drag,  an  increase 
in  engine  thrust  is  required.  This  incompatibility  between  the  DLC  system  and 
the  APCS  required  either  extensive  modifications  to  the  present  APCS  or  the 
addition  of  an  interconnect  signal.  Of  these  two  possibilities,  the  use  of  an 
interconnect  signal  was  selected.  The  interconnect  system  requires  only  minor 
modifications  within  the  APCS  controller  and  leaves  the  Approach  Power  Compen¬ 
sation  System  unchanged  for  operation  without  DLC.  The  interconnect  system 
developed  during  the  analog  computer  study  is  of  the  form: 


A  thrust  command 
A  DLC 


Kj  KpA  J  pounds /degree 

r  +  x+a I 


For  positive  DLC  commands,  the  system  parameters  which  provide  the  best  over¬ 
all  performance  are: 


Kl  *  10.0  (lbs./sec.  per  deg.) 

Kp  =  115.8  (lbs.  per  deg.) 

A  =  1.0  - 

sec. 

X  *  Laplace  Transform  Variable  ( 1/sec) 


Due  to  the  nonlinear  characteristics  of  the  drag  vs.  flap  deflection  curve,  the 
values  of  Kj  and  Kp  are  reduced  to  69%  of  the  above  values  for  negative  load 
factor  commands. 

The  aircraft  response  characteristics  following  DLC  inputs  with  and  with¬ 
out  the  APCS  operating  are  depicted  in  the  time  history  traces  of  Figures  (12. a) 
through  (I2.d).  Without  the  APCS  but  with  DLC-Stabilator  Interconnect  operating 
and  assuming  no  power  adjustment  by  the  pilot,  the  airspeed  diverges  rapidly 
causing  the  incremental  load  factor  to  ,,bj!%»i,t  back  to  zero.  With  the  APCS  and 
DLC-Stabilator  Interconnect  operating,  the  thrust  changes  commanded  through  the 
DLC-APCS  Interconnect  cause  the  airspeed  and  load  factor  to  remain  nearly  con¬ 
stant.  From  the  summary  plots  presented  in  Figures  (13. a)  through  (l3.c)  it  is 
apparent  that  APCS  operation  slightly  improves  the  DLC  response  as  measured  in 
both  peak  load  factor  and  altitude  change  after  two  and  five  seconds.  The 
greatest  improvement  provided  by  the  DLC-APCS  Interconnect,  however,  is  in  the 
airspeed  changes  measured  at  two  and  five  seconds  following  a  DLC  input.  With 
the  exception  of  the  two-second  value  for  positive  inputs,  all  changes  in  air¬ 
speed  vith  the  DLC-APCS  Interconnect  operating  are  in  the  direction  to  improve 
the  DLC  altitude  response  i.e.,  positive  load  factor  commands  result  in  increas¬ 
ing  speeds. 
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The  results  summarized  in  Figures  (lU.a)  through  (lU.c)  are  essentially 
the  same  as  those  of  Figures  (13. a)  through  (13. c)  with  the  exception  that  the 
nominal  flap  position  is  set  at  32  degrees  rather  than  at  27  degrees.  It  is 
apparent  that  the  nominal  flap  position  has  a  very  small  effect  on  the  operation 
of  the  DLC-APCS  Interconnect. 

2.6  Effect  of  Load  Factor  Requirements  on  Approach  Speed 

The  effect  of  load  factor  requirements  and  thus  nominal  flap  positions 
on  approach  speed  has  already  been  demonstrated  in  Section  2.2.  However,  the 
data  presented  in  that  section  were  obtained  with  the  flap  induced  pitching 
moment  and  drag  set  equal  to  zero.  The  inclusion  of  these  effects  and  the  off¬ 
setting  effects  of  DLC-Stabilator  and  DLC-APCS  Interconnects  alter  DLC  response 
characteristics  and  permit  selection  of  more  optimum  nominal  flap  positions  with 
corresponding  optimum  approach  speeds.  Figure  (15)  presents  load  factor  capa¬ 
bility  and  corresponding  approach  speed  as  a  function  of  nominal  flap  position 
for  a  DLC  system  with  a  DLC-Stabilator  Interconnect  but  without  DLC-APCS  Inter¬ 
connect.  Figure  (l6)  presents  similar  data  for  a  DLC  system  with  a  DLC-Stabi¬ 
lator  Interconnect  and  a  DLC-APCS  Interconnect.  These  data  show  that  the  speci¬ 
fied  load  factor  capabilities  of  +.13/-. 07  "g"  and  ±  .10  "g"  may  be  obtained 
with  approach  speeds  of  lUl.O  KCAS  and  139.0  KCAS  respectively,  with  both  DLC-APCS 
and  DLC-Stabilator  Interconnects.  Substantial  load  factor  capability  is  also 
available  at  nominal  flap  positions  corresponding  to  even  lower  approach  speeds. 

It  should  be  noted  that  the  approach  speeds  presented  in  Figures  (15)  and 
(l6)  are  for  a  -3.5  degree  glide  path  with  a  trim  angle  of  attack  corresponding 
to  the  present  F-Uj  approach  angle  of  attack.  If  the  use  of  DLC  should  permit 
higher  angles-of-attack  during  approach,  the  approach  speed  corresponding  to 
any  nominal  flap  setting  would  be  decreased.  Figure  (17)  presents  the  angle  of 
attack  increase  required  t'q  maintain  the  present  F-Uj  full  flap  approach  speed 
of  132  KCAS  at  3^,000  pounds...  Although  it  may  be  possible  to  increase  the 
approach  angle  of  attack  with  DLC  over  that  currently  used,  it  is  doubtful 
that  the  angle-of-attack  for  approach  with  DLC  would  be  increased  to  these  levels. 
Consequently,  some  degradation  in  approach  speed  with  DLC  may  be  experienced. 

2.7  Effect  of  Initial  Conditions  on  DLC  Response 

A  complete  summary  of  the  Incremental  load  factor,  altitude,  and  attitude 
change  capability  of  the  DLC  system  is  presented  in  Appendix  C.  These  data  show 
that  the  effect  of  flight  path  angle,  center  of  gravity,  gross  weight,  or  trim 
airspeed  on  these  capabilities  is  small.  Additional  data  demonstrate  that  the 
DLC  system  can  improve  wave-off  characteristics  for  two-engine  approaches  and 
that  the  use  of  the  DLC  nominal  flap  position  for  single  engine  approaches  is 
acceptable. 

2.8  Conclusions 

The  primary  and  secondary  objectives  noted  in  Section  2.1  for  incorporation 
of  a  DLC  system  in  an  F-^J  are  attainable  on  a  suitably  modified  aircraft. 
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(1)  The  specified  incremental  load  factor  requirements  of  +  .13/-. 07 
ng"  or  *  .10  "g"  may  be  obtained  utilizing  the  trailing  edge  flaps  with 
corresponding  approach  speeds,  at  3^,000  pounds  gross  weigh-;  of  lUl.O 
KCAS  and  139.0  KCAS,  respectively. 

(2)  The  incremental  stabilator  deflections  required  to  offset  flap  induced 
pitching  moments  are  small  and  are  within  the  capabilities  of  DLC-Stabilator 
Interconnect  utilizing  an  integrated  stabilator  actuator  with  ±  2  degree 
authority  series  servo. 

(3)  The  DLC-APCS  Interconnect  characteristics  required  to  offset  flap  in¬ 
duced  drag  are  compatible  with  the  APCS  with  the  stabilator  interconnect 
planned  for  later  McDonnell  F-^J's. 

(U)  The  DLC  system  does  not  compromise  the  lateral  control  system  or  lateral 
control  system  characteristics. 
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G.W.  ~  34,000  Lb.  C.G.atMc  yn  =  0°  a*  =13° 

0  "Trim 


Notes;  1.  Pitching  moment  due  to  incremental  flap  deflection,  ACm.  ,  set  to  zero. 

rp 

2.  No  APCS;  incremental  velocity,  AV,  held  to  zero. 


Figure  2  Model  F-4J 
Effect  of  Nominal  Flap  Position  on 
Load  Factor  Capability  and  Approach  Speed 
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Figure  4  Model  F-4J 
Effect  of  Flap  Deflection  Rate 
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Note:  —  —  —  -  Required  stabilator  deflection 

Selected  DLOstabilator  interconnect  schedule 
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Pilot  DLC  conremd  -fiDLC  -  %  wheel 
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Figure  6  Model  F-4J 
DLC-Stabilator  Interconnect  Requirements 
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Figure  7.b  Model  F-4J 
Effect  of  DLC-Stabilator  Interconnect 
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3.  DIRECT  LIFT  CONTROL  SYSTEM  DESIGN 


3.1  General  Description 

The  system  concept  described  in  Section  2  is  implemented  by  utilizing  manu¬ 
ally  controlled  trailing  edge  flap  servo  cylinders  with  appropriate  electrical 
interconnects  to  the  AFCS  and  AFCS.  The  basic  flap  configuration  in  DLC  mode  is 
leading  edge  flaps  extended  (BLC  on),  trailing  edge  flaps  at  nominal  DLC  posi¬ 
tion,  and  ailerons  drooped. 

With  no  changes  to  the  present  leading  edge  flap  subsystem,  the  trailing 
edge  flap  subsystem  is  used  in  a  closed  loop  arrangement  by  attaching  the  cylin¬ 
der  piston  rods  to  structure  and  the  barrels  to  surface  horns.  For  the  normal 
flap  mode  the  barrel-mounted  servo  valves  receive  mechanical  inputs  from  an 
electrical  actuator  for  positions  preselected  by  the  cockpit  switch.  As  in 
present  F-U  aircraft,  the  leading  edge  flaps  go  to  fully  extend  position  at 
"1/2"  position  of  the  trailing  edge  flaps ,  where  they  remain  until  the  "UP" 
position  is  selected.  System  design  makes  "1/2"  position  a  prerequisite  for 
DLC  mode  in  which  mechanical  inputs  to  the  flap  servo  valves  are  generated  by 
a  servo  actuator  controlled  by  a  transducer  on  the  stick  grip.  The  servo  actu¬ 
ator  inputs  are  transmitted  to  the  flap  servo  valves  by  a  mechanical  system 
which  also  serves  to  synchronize  the  trailing  edge  flaps. 

3.2  Mechanical  Design 

The  mechanical  system  for  normal  and  DLC  flap  operation  consists  of  an 
electrical  actuator,  a  DLC  servo  actuator,  a  linkage  to  accept  dual  inputs,  and 
a  push-pull  cable  system  to  transmit  inputs  to  the  trailing  edge  flap  cylinders 
as  shown  in  Figure  (l8). 

Trailing  edge  flap  design  parameters: 

Normal  flap  deflection  -  0°,  30°,  and  60°. 

Normal  flap  deflection  rate  -  10°/sec.  (approximately). 

DLC  flap  deflection  -  10.5°  to  60o# 

DLC  flap  deflection  maximum  rate  -  75°/sec. 

•Range  shown  is  for  prototype  flight  testing.  DLC  nominal  is  adjust¬ 
able  from  2?  degrees  to  37  degrees  flap  deflection.  Production  DLC 
nominal  position  and  travel  would  be  determined  during  flight  test 
evaluation  of  prototype. 

The  electrical  actuator  provides  the  low  rate  normal  flap  inputs  and  the 
DLC  nominal  position.  Up  flap  position  is  determined  by  integral  up  locks  in 
the  trailing  edge  flap  cylinders.  The  half  flap  position  and  the  DLC  nominal 
position  are  determined  by  limit  switches  in  the  electrical  actuator,  and  the 
full  flap  position  by  the  trailing  edge  flap  cylinders  bottoming  out.  For  the 
prototype  system  the  DLC  nominal  position  switch  is  adjustable  through  the 
range  27  degrees  to  37  degrees  flap  deflection.  The  electrical  actuator  includes 
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a  high  breakout  force  spring  cartridge  to  prevent  damage  to  the  trailing  edge 
flap  system  in  the  event  of  a  component  failure  or  servo  actuator  hardover. 

The  DLC  servo  actuator  provides  the  high  rate  input  required  for  DLC  and 
infinite  selection  of  flap  deflection  within  the  DLC  range.  For  the  prototype 
system  the  upper  flap  deflection  limit  is  adjustable.  For  the  production  ver¬ 
sion  the  upper  flap  deflection  limit  is  determined  by  the  DLC  servo  actuator 
ram  bottoming  out.  The  DLC  60  degrees  flap  deflection  limit  for  both  the  pro¬ 
totype  and  the  production  systems  is  provided  by  the  trailing  edge  flap  cylinders 
bottoming  out. 

The  linkage  to  accept  dual  inputs  consists  of  a  walking  beam  and  bellcrank 
with  a  pivot  for  the  walking  beam.  In  normal  mode  the  DLC  servo  actuator  locks 
up  mechanically  to  fix  the  walking  beam  lower  pivot  in  line  with  the  fixed  pivot 
of  the  bellcrank.  The  electrical  actuator  then  operates  the  linkage  as  a  simple 
bellcrank  to  provide  normal  flap  inputs.  In  DLC  mode  the  electrical  actuator 
locks  up  mechanically  and  fixes  the  bellcrank  to  provide  the  pivot  point  for  the 
walking  beam.  The  DLC  servo  unlocks  and  then  operates  the  walking  beam  to  pro¬ 
vide  DLC  inputs. 

A  push-pull  cable  system  transmits  normal  or  DLC  flap  inputs  from  the  link¬ 
age  to  the  trailing  edge  flap  servo  cylinders  and  provides  synchronization  of 
the  surfaces.  Inherent  backlash  is  not  expected  to  cause  stability  problems 
since  the  mechanical  system  is  open  loop  beyond  the  DLC  servo  actuator. 

3.3  Hydraulic  Design 

3.3.1  Description  -  Figure  (19)  shows  the  proposed  flap  hydraulic  system. 
The  DLC  trailing  edge  flap  subsystem  is  compatible  with  the  existing  leading 
edge  flap  subsystem  and  no  changes  to  the  leading  edge  flap  subsystem  are 
required.  The  utility  hydraulic  system  is  utilized  for  normal  power  and  the 
pneumatic  system  for  emergency  extension.  For  surface  deflection  rates  of  75 
degrees  per  second,  approximately  6  GPM  flow  is  delivered  to  each  of  the  two 
trailing  edge  flap  cylinders.  Engine  pump  capacity  is  sufficient,  with  appreci¬ 
able  margin  at  carrier  approach  engine  speeds,  to  supply  this  flow  in  addition 
to  other  utility  services  being  operated.  To  enable  employment  of  the  existing 
solenoid  selector  valve  @  to  control  power  to  all  flap  cylinders,  power  for 
the  trailing  edge  flap  actuators  is  available  from  either  of  the  leading  edge 
flap  control  lines.  Surface  extension  rate  during  air  emergency  operation  is 
controlled  by  flow  restrictor  ©  • 

3.3.2  New  Components 

3. 3.2.1  Trailing  Edge  Flap  Servo  Cylinder  -  The  proposed  new  design  uti¬ 
lizes  the  same  bore,  stroke  and  effective  areas  as  the  existing  flap  cylinders. 
Referring  to  Figure  (20),  it  incorporates  a  segment  type  lock  in  its  fully 
retracted  position,  and  a  switch,  which  operates  upon  lock  engagement,  to  depres¬ 
surize  the  flap  subsystem.  Two  pistons,  referred  to  as  primary  and  secondary, 
are  utilized  to  enable  cylinder  extension  equivalent  to  30  degrees  of  surface 
travel  with  admission  of  emergency  air.  The  pistons  are  locked  together  during 
normal  operation  by  a  ’’ring- finger"  type  lock  enclosed  in  the  piston  rod.  Lock 
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release  results  from  air  pressure  moving  the  spring  loaded  locking  piston  to  a 
position  enabling  finger  disengagement.  Normal  cylinder  rate  and  direction  of 
motion  are  controlled  by  the  servo  valve  mounted  on  the  barrel.  The  new  cylin¬ 
der  is  physically  interchangeable  with  the  existing  cylinder. 

3. 3.2.2  DLC  Servo  Actuator  -  The  DLC  Servo  Actuator  is  a  closed  loop  unit 
integrating  an  electro-hydraulic  valve,  a  main  ram  with  a  centering  and  locking 
device,  and  a  transducer.  Stroke  of  the  main  ram  is  sufficient  to  cover  adjust¬ 
ment  ranges  of  nominal  DLC  flap  position  for  prototype  flight  testing. 

3. 3.2. 3  Stabilator  Power  Cylinder  -  The  DLC  Stabilator  Interconnect  requires 
a  i  2  degree  authority  series  servo  for  the  stabilator  surface  control.  For  the 
prototype,  the  ±  2  degree  stabilator  authority  in  stabilator  power  cylinder 

SCD  32-69007-23  will  be  utilized  for  the  DLC-Stabilator  interconnect  with  exter¬ 
nal  wiring  changes.  For  production,  a  redesigned  stabilator  power  cylinder  will 
be  required.  Redesign  will  revise  the  integrated  valve  package  to  include  a  DLC 
series  servo  with  -  2  degree  authority  while  retaining  the  i  1/2  degree  authority 
series  servo  utilized  for  stability  augmentation  and  the  existing  parallel  servo 
function. 

3.3.3  Plumbing  -  Flexible  plumbing  to  the  new  trailing  edge  flap  cylinder 
is  redesigned  for  compatibility  with  port  locations,  valve  operation,  and  mechan¬ 
ical  input  to  the  valve.  It  consists  of  a  scissors  swivel  arrangement  to  the 
pressure  port,  a  flexible  hose  to  the  air  emergency  port,  and  two  pressure  and 
volume  balanced  extension  units  for  the  return  and  dump  ports.  Pressure  and 
return  lines  are  1/2  inch  from  valve  @  to  the  Junction  point  of  entering  each 
wing,  and  3/8  inch  from  the  Junction  to  the  cylinders.  Generally,  existing  line 
routings  are  utilized. 

3.3.1*  DLC  Flap  Servo  Cylinder  Stability  Analysis  -  The  addition  of  a  mechan¬ 
ical  input  valve  converts  the  present  flap  actuator  into  a  closed  loop  position 
control  device.  This  required  that  the  closed  loop  stability  characteristics 
be  examined  to  assure  stable  operation  of  the  modified  system.  The  analysis 
model  used  in  this  study  is  presented  in  Figure  (21).  The  valve  gain  of  the 
proposed  system  was  assumed  linear  from  neutral  to  full  flow  with  system  struc¬ 
tural  estimates  for  the  original  flap  actuator  being  used  in  this  analysis. 

Results  of  this  stability  analysis  are  presented  in  Figure  (22)  and  indi¬ 
cate  that  an  adequate  stability  margin  will  exist  for  the  proposed  flap  actuator 
installation.  The  stability  criterion  shown  in  Figure  (22)  is  developed  in  Refer¬ 
ence  (7)  and  is  in  the  form  of  a  non-dimensional  plot  of  valve  gain  divided  by 
system  frequency  versus  the  toted  effective  back-up  spring  rate  divided  by  cylinder- 
surface  coupling  spring  rate.  The  stability  margins  for  various  damping  ratio 
values  of  the  equivalent  mass-spring  damper  actuator  load  are  shown  as  dashed 
lines.  The  solid  line  represents  a  level  of  damping  which  is  consistent  with  cur¬ 
rent  aircraft  construction  methods  and  has  been  found  adequate  to  define  power 
cylinder  stability  margins  for  past  McDonnell  aircraft.  For  comparison  purposes, 
the  stability  characteristics  of  other  F-U  power  actuator  installations  are  shown. 

It  is  apparent  that  &n  adequate  stability  margin  exists  for  the  proposed  flap 
actuator  design. 
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3.1*  Electronic  Design 

The  electronic  interface  between  the  various  aircraft  systems ,  and  the  modi¬ 
fications  required  in  the  electronic  systems,  for  the  DLC  mode  of  operation  are 
described  below. 

3 - U . 1  Electronic  Interface  -  Figure  (23)  shows  the  electronic  interface 
required  for  flap  positioning  and  for  DLC  operation. 

Normal  flap  positions  are  controlled  by  the  flap  control  switch  which  ener¬ 
gizes  the  flap  solenoid  selector  valve  and  the  flap  electrical  screw  jack  actu¬ 
ator  (FESA)  via  logic  circuits.  The  flap  control  switch  is  a  three  position 
switch  located  in  the  pilot's  cockpit.  When  the  flap  control  switch  is  moved 
to  either  the  "DOWN"  or  "1/2"  position  the  leading  edge  flaps  and  the  drooped 
ailerons  are  moved  to  the  full  down  position  and  the  trailing  edge  flaps  are 
moved  to  the  "DOWN"  or  "1/2"  position.  The  flap  solenoid  selector  valve  remains 
energized  to  maintain  hydraulic  pressure  on  the  actuators  in  "DOWN"  or  "1/2" 
positions.  When  the  switch  is  moved  to  the  "UP"  position,  the  leading  and  trailing 
edge  flaps  are  moved  to  the  "UP"  position  and  the  drooped  ailerons  are  moved  to 
undroop  position.  Each  flap  has  a  limit  switch  which  opens  when  the  flap  reaches 
its  up  position.  The  switches  are  connected  in  parallel  so  that  the  flap  solenoid 
selector  valve  is  de-energized  and  hydraulic  pressure  is  removed  from  all  flap 
actuators  when  all  of  the  flaps  are  in  the  up  position. 

To  operate  the  flaps  in  the  DLC  mode,  the  flap  control  switch  must  be  in 
the  "1/2"  position  and  the  DLC  engage  switch,  located  in  the  pilot's  cockpit, 
must  be  in  the  "ENGAGED"  position.  This  is  a  solenoid  held  switch  which  requires 
power  to  maintain  its  engaged  position.  Power  is  available  only  after  "1/2" 
position  has  been  selected  on  the  normal  flap  selector  switch.  This  feature 
helps  preclude  inadvertent  DLC  engagement.  When  the  DLC  mode  is  engaged,  the 
FESA,  which  is  controlled  by  relays  and  limit  switches,  moves  to  the  nominal  DLC 
position  and  causes  the  trailing  edge  flaps  to  move  to  the  nominal  DLC  position. 

The  nominal  DLC  position  is  varied  by  moving  S4,  the  DLC  nominal  position  switch 
on  the  prototype  FESA. 

When  the  FESA  reaches  the  nominal  DLC  position,  the  DLC  solenoid  selector 
valve  is  energized,  which  admits  hydraulic  pressure  to  the  DLC  servo  actuator. 

The  DLC  servo  actuator  then  moves  the  flaps  about  the  nominal  DLC  position  per 
commands  from  the  pilot's  inputs  to  the  stick  grip  thumb  wheel.  Rotation  of  the 
stick  control  wheel  a  maximum  of  20  degrees  in  the  forward  direction  from  its 
mid  position  causes  flaps-up  movement,  and  the  aft  direction  a  maximum  of  20 
degrees  causes  flaps-down  movement.  It  is  spring  loaded  to  return  to  its  mid¬ 
position  so  that  if  the  pilot  releases  force  on  the  wheel,  the  flaps  will  move 
to  their  nominal  DLC  position. 

To  prevent  the  flaps  from  being  damaged  by  excessive  air  loads,  a  flap 
blow-up  switch  is  incorporated  in  the  flap  control  circuit  which  causes  an  auto¬ 
matic  retraction  of  the  flaps  when  the  aircraft  airspeed  is  above  230  knots. 

The  DLC  mode  of  flap  operation  may  be  disengaged  by  moving  the  flap  con¬ 
trol  switch  to  the  "UP"  or  "DOWN"  position,  by  moving  the  DLC  engage  switch  to 
the  "OFF"  position,  or  by  operating  the  paddle  emergency  disconnect  switch  on 
the  control  stick.  DLC  disengagement  will  result  automatically  by  the  flap  blow¬ 
up  switch  at  230  knots  when  increasing  airspeed. 
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3.4.2  Electronic  Systems  Modifications  for  DLC  Operation 

3. 4. 2.1  Automatic  Flight  Control  System  -  The  AFCS  Control  Amplifier 
requires  an  additional  input  into  the  stabilator  servo  amplifier  which  involves 
adding  a  resistor  and  a  DLC  mode  relay  (K8  in  Figure  23).  An  additional  servo 
amplifier  is  required  for  the  new  DLC  servo  actuator  which  is  installed  in  the 
AFCS  control  amplifier  assembly. 

3. 4. 2. 2  Approach  Power  Compensation  System  -  The  DLC-APCS  Interconnect 
transfer  function  described  in  Section  2.5  is  incorporated  in  the  APCS  Control 
Computer  through  the  addition  of  an  RC  network  and  a  DLC  mode  relay  (K9  in 
Figure  (23))  in  the  input  to  the  signal  summing  amplifier  of  the  APCS. 

3.U.2.3  Stick  Grip  -  The  stick  grip  requires  the  addition  of  a  potentiom¬ 
eter  which  is  positioned  by  the  xhumb  wheel. 

3. 4. 2. 4  DLC  Signal  Distribution  Unit  -  This  new  electronic  unit  provides 
logic  relays  for  the  operation  of  the  DLC  solenoid  selector  valve  and  the  FESA. 
The  unit  also  contains  a  command  servo  which  provides  the  command  signals  from 
the  stick  grip  to  the  flaps,  stabilator,  and  APCS.  This  command  servo  allows 
the  independent  variation  in  the  transfer  functions  between  the  pilot  commands 
and  the  flaps,  stabilator,  and  APCS  for  flight  test  evaluations.  Depending  on 
the  results  of  the  flight  tests,  the  command  servo  may  be  eliminated  in  the  pro¬ 
duction  version  and  the  command  signals  for  the  flaps,  stabilator,  and  APCS  will 
be  provided  directly  from  the  stick  grip. 

3.5  Cockpit  Design 

Cockpit  control  of  the  DLC  mode  of  the  flap  system  is  accomplished  by  an 
energizing  switch  and  a  spring  centered  wheel  control  on  the  forward  cockpit 
stick  grip.  The  energizing  switch  is  located  near  the  existing  flap  control 
switch  assembly.  The  stick  grip  wheel  control  proposed  for  both  prototype  and 
production  is  shown  in  Figure  (24).  This  location  requires  utilisation  of  the 
lower  L/H  pad  for  the  nose  steering  switch  location.  Location  of  the  DLC  con¬ 
trol  wheel  as  shown  is  considered  optimum  by  a  number  of  McDonnell  pilots.  The 
DLC  Signal  Distribution  Unit  required  for  prototype  only  is  mounted  in  the  aft 
cockpit  on  the  right  hand  side  of  the  seat.  This  location  enables  easy  acces¬ 
sibility  required  during  prototype  flight  testing. 

3-5.1  Pilot  Operating  Sequence 

3. 5.1.1  Normal  Flap  Mode  -  No  change  to  the  existing  switch  operating  pro¬ 
cedure  is  required. 

3. 5.1.2  DLC  Flap  Mode 

3. 5. 1.2.1  Prototype  -  Pilot  is  required  to  place  normal  flap  switteh  in 
"1/2"  position  and  DLC  switch  in  "ENGAGE"  position.  This  results  in  electrical 
actuator  moving  flaps  from  "1/2"  position  to  nominal  DLC  flap  position,  after 
which  the  DLC  Servo  Actuator  solenoid  valve  and  the  DLC  stick  grip  input  trans¬ 
ducer  are  energized.  Pilot  has  the  option  of  turning  on  the  stability  augadtAi- 
tion  system  which  results  in  the  DLC-Stabilator  Interconnect  being  activated 
and  the  stabilator  integrated  series  servo  with  ±  2  degree  authority  being  ener¬ 
gized  ind  turning  on  APCS  which  results  in  DLC-APCS  Interconnect  being  activated. 
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3. 5. 1.2. 2  Production  -  Production  operating  sequence  will  be  established 
after  prototype  flight  testing. 

3.5*2  Pise  gagement  -  Normal  disengagement  of  the  DLC  flap  mode  is  accom¬ 
plished  by  operating  the  DLC  energizing  switch.  Emergency  disengagement  is  pro¬ 
vided  by  operating  either  the  AFCS  disengage  switch  on  the  stick  grip  or  the 
normal  flap  switch  from""l/2"  position  to  either  "UP"  or  "DOWN".  Automatic  dis¬ 
engage  results  when  the  airspeed  exceeds  230  knots  by  the  flap  blow  up  switch. 

3.6  Aircraft  Changes  to  Incorporate 

3.6.1  Prototype 

3. 6. 1.1  Structural  -  In  the  area  of  the  mechanical  system,  access  panels 
are  required  in  the  left  and  right  hand  engine  compartment  firewalls,  redesign 
of  keel  web  stiffener  at  Fuselage  Station  3^6.92  is  necessary,  holes  for  routing 
the  mechanical  system  over  the  engines  and  in  the  wing  are  required,  and  support 
brackets  are  necessary.  Minor  structural  modifications  are  needed  for  tubing 
and  wiring,  such  as  addition  of  support  brackets,  plate  nuts  and  holes  in  webs. 

A  mounting  bracket  is  required  in  the  aft  cockpit  for  the  signal  distribution 
unit,  and  minor  structural  modification  is  necessary  in  the  forward  cockpit  for 
mounting  the  DLC  energizing  switch. 

3. 6. 1.2  Hydraulic  -  Existing  flap  components  that  are  not  required  for  DLC 
are  removed  if  the  space  they  occupy  is  needed  for  the  DLC  system.  These  com¬ 
ponents  include  two  flow  dividers,  two  shuttle  valves,  three  flow  restrictors 
and  approximately  6k  feet  of  1/4  inch  tubing.  A  solenoid  valve  in  the  L/H  wing 
is  moved  to  the  fuselage.  Tube  routing  will  be  adequate  but  not  designed  to 
production  standards. 

3.6.1. 3  Electrical  -  New  wiring  is  added,  without  revision  of  the  existing 
wire  bundles,  for  the  sake  of  expediency. 

3.6.2  Production  - 

3. 6. 2.1  Structural  -  Redesign  for  production  includes  removal  of  all  un¬ 
used  plate  nuts,  clips,  and  brackets  and  more  efficient  design  of  structure  that 
is  modified  for  the  prototype. 

For  this  feasibility  study,  the  effects  of  a  possible  increase  in  approach 
speed  and/or  attitude  on  the  required  strength  of  the  landing  gear  and  back-up 
structure  were  not  evaluated.  Therefore,  in  addition  to  the  foregoing  structural 
considerations,  production  incorporation  may  require  investigation  of  the  effects 
of  increased  engaging  speed  and/or  increased  wind-over-deck  requirements  on  the 
overall  carrier  suitability. 

3. 6. 2. 2  Hydraulic  -  Production  changes  include  optimum  tube  routing  and 
removal  of  all  unnecessary  components  and  tubing. 

3.6.2. 3  Electrical  -  Production  changes  include  revising  wire  bundles, 
routing,  and  supports  to  production  standards. 
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3.7  Failure  Analysis 

Table  (l)  lists  assumed  failures  and  results.  Based  on  single  failure  con¬ 
cept,  no  failure  will  prevent  extending  the  flaps  normally  or  by  emergency  air 
to  an  angle  of  at  least  30  degrees  for  the  trailing  edge  flaps  and  full  down 
for  the  leading  edge  flaps  and  drooped  ailerons.  New  components  selected  are 
similar  to  those  with  exceptionally  good  mean  time  between  failures  (MTBF)  rat¬ 
ings.  The  internal  locks  used  in  the  trailing  edge  flap  actuator  are  proven 
through  McDonnell  experience.  The  piston  segment  type  uplock  has  been  used  in 
the  Model  F-U  since  initial  production.  The  ring-finger  lock  has  been  used  by 
McDonnell  in  landing  gear  systems  in  several  models.  The  flap  application  for 
this  lock  need  operate  only  for  emergency,  resulting  in  low  life  cycle  require¬ 
ments.  Appendix  C,  Section  C.3,  discusses  analog  studies  conducted  to  evaluate 
consequences  of  two  representative  type  failures. 

3.8  Conclusions 


The  DLC  system  design  described  above  can  easily  be  incorporated  in  a  pro¬ 
duction  F-UB  (with  drooped  ailerons)  or  a  F-Uj  aircraft  for  prototype  installa¬ 
tion  and  flight  testing.  The  design  of  the  basic  components  for  the  production 
system  is  not  materially  different  from  those  used  for  the  prototype. 

The  final  prototype  DLC  installation  as  developed  during  flight  testing 
would  be  functionally  identical  to  the  production  design.  Pilot  operated  con¬ 
trols  proposed  for  DLC  are  simple  and  convenient. 
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Figure  20  Trailing  Edge  Flap  Servo  Cylinder 
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AAve  Average  piston  area  (in.2) 

Xj  input  displacement  relative  to  cylinder  (in.) 

X0  Output  displacement  (in.) 

Xv  Valve  displacement  relative  to  cylinder;  Xv  =  (—  )Xj;  (in) 

Kb  Back-up  structure  spring  rate  (Ib/in.)  L 

K0  Cylinder-surface  coupling  spring  rate  (Ib/in.) 

Me  Surface  effective  mass  (Ib-in.^) 

C  System  damping  factor  (Ib/in./sec) 

Cc  Critical  damping  factor  (Ib/in./sec) 

Kj:  Oil  compressibility  spring  rate  (Win.) 

K(j  Spring  rate  of  springs  whose  deflections  result  in  a  valve  opening  (Win.) 

-L  «  J-  _L  J_ 

Kd  “  Kb  +  KE  +  Kc 


Ko 

Kc 

KS 

G 


Spring  rate  of  springs  whose  deflections  do  not  result  in  a  valve  opening  (lb  in.) 
Spring  rate  of  actuator  cylinder  (Ib/in.) 

Total  system  spring  rate  (Ib/in.) 

As 

System  natural  frequency  a\=\/  —  ( rad  sec) 

Mq 

Valve  gain;  flow  per  unit  input  arm  displacement  (in.A'sec/in.) 


For  DLC  flap  actuator: 

G  -  31.9  in  A/sec /in.  Kb  «  128,100  Win.  Kc  »  390,600  Ib/in. 

A^y0*  4.03  inA 
- 143.5  rad/sec 

Figure  21  Model  F-4J 

Stability  Analysis  Model  -  OLC  Flap  Actuator 
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DLC  Electronic  Interface  Schematic 
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£ 

a: 

Electric  hvdover  signals  are  reduced 
by  utilizing  2*«re  servo. 

Dise^age  by  operating  AFCS  emer¬ 
gency  disconnect  switch  on  stick. 

Power  off  centering  aid  Mechanical 
lock  provided  in  DLC  servo  (9). 

Unlikely  type  of  failure.  i 

Routine  maintenance  procedure 
should  detect  overboard  leakage  long 
before  system  fails. 

Results 

Inoperative  -  extends  symmetrically. 

Operative  after  DLC  disengagement 
to  all  normal  positions. 

Inoperative  -  retracts  symmetrically. 

Operative  after  DLC  disengagement 
to  all  normal  positions. 

Erratic  -  should  be  disengaged. 

Loss  of  positive  pivot  point  for 
actuator  (17).  Erratic  flap  positioning 
with  symmetry.  Position  of  servo  (9) 
dependent  upon  relative  friction 
levels  in  servo  and  mechanical 
system. 

Operative 

Operative  until  hydraulic  system  is 
failed  by  loss  of  fluid. 

Operative  until  hydraulic  system  is 
failed  by  loss  of  fluid. 

Inoperative 

Inoperative 

Operative 

Operative  until  hydraulic  system  fails 
Operative  until  hydraulic  system  fails 
Operative 

Condition 

DLC  mode  -  extends  to  60° 

Normal  mode 

DLC  mode  retracts  to  13° 

Normal  mode 

DLC  mode 

Normal  mode 

Emergency  mode 

DLC  mode 

Normal  mode 

Uplock  does  not  operate 

DLC  mode 

Normal  mode 

Emergency  mode 

Uplock  does  operate 

DLC  mode 

Normal  mode 

Emergency  mode 

Assumed  Failure 

Hsdover  signal  -  hydraulic  or 
electric  origin 

Will  not  center  due  to  mechanical 
malfunction. 

Small  leak  at  “0"  ring  on 
secondary  piston  (extend  side) 

Total  failure  of  "0”  ring  on 
secondary  piston 

1 

ill  i! 

51 
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to 

% 

i 

Routine  maintenance  should  detect 
prior  to  failure. 

Very  unlikely  to  occur 

Spring  cartridge  in  (17)  prevents 
damage  to  mechanical  input  system. 

Solenoid  valve  (10)  is  continuous  duty 

Results 

Operative  until  hydraulic  system  fails 
by  loss  of  fluid 

Operative  until  hydraulic  system  fails 
by  loss  of  fluid 

Operative  in  extend  direction.  System 
would  soon  fail  if  operated  to  retract. 

Operative  to  extend.  In  attempted  re¬ 
traction,  probably  would  not  lock  with 
surfaces  assuming  trail  position. 

Nose  flaps  will  not  retract 

Operative. 

Inoperative 

Surface  on  opposite  side  will  move  a 
few  degrees  until  mechanical  inter¬ 
connect  cancels  input  motion. 
Operative 

Inoperative 

Will  extend  to  60° 

Inoperative 

Inoperative 

Operative 

Operative 

Operative.  Hydraulic  pressure  retained 
in  cylinder  in  up  and  locked  position. 

Condition 

DLC  mode 

Normal  mode 

DLC  mode 

Normal  mode 

Emergency  mode 

Jammed  in  neutral  position 

DLC  mode 

Normal  mode 

Emergency  mode 

Jammed  in  extend  position 

DLC  mode 

Normal  mode 

Jammed  in  retract  position 

DLC  mode 

Normal  mode 

Emergency  mode 

Does  not  operate  subsequent  to 
uplock  engagement 

DLC  mode 

Norm*  node 

Assumed  Failure 

Small  leak  at  “0”  ring  on  primary 
piston  (retract  side) 

Total  failure  of  “0”  ring  on  primary 
piston 

Jammed  servo  valve  spool  on  one 
side 

Limit  switch  on  actuator 

I 

TABLE  I 

FAILURE  ANALYSIS  (Sheet  3  of  4) 


Report  E907 


1  September  1967 


Solenoid  Valve  Will  not  energize  DLCmode  Inoperative 

Normal  mode  Operative 

Will  not  de-energize  DLC  mode  Operative  Servo  in  hydraulic  neutral  with 

Normal  mode  Operative  lock  disengaged 
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4.  SUMMARY 


As  a  result  of  the  design  and  analysis  study  reported  herein,  the  follow¬ 
ing  summary  is  presented. 

The  McDonnell  F-4J  aircraft  can  be  fitted  with  a  DLC  system  which  will  pro¬ 
vide  either  a  -  .10  "g"  or  +  .13/-07  "g"  normal  acceleration  through  pilot-con- 
trolled  flap  deflections .  Prototype  aircraft  structural  changes  required  to 
incorporate  this  capability  are  minor.  Aircraft  system  changes  which  will  be 
required  include  a  redesigned  flap  actuation  and  control  system,  the  addition 
of  interconnect  signals  to  the  stability  augmentation  system  and  approach  power 
compensation  system,  and  minor  hydraulic  design  changes  to  the  integrated  stabi- 
lator  power  actuator.  The  lateral  control  system  and  lateral  control  character¬ 
istics  are  not  affected  by  the  DLC  system  installation.  To  maintain  the  same 
approach  angle-of-attack  which  is  currently  used  in  the  F-4J  aircraft,  an  in¬ 
crease  in  approach  speed  of  J.O  to  9*0  knots  is  required  by  DLC  incorporation. 

The  analysis  performed  does  not  permit,  and  was  not  intended  to  permit,  a 
decisive  evaluation  of  the  merits  of  incorporating  DLC  in  the  F-4j.  Flight 
test  evaluation  of  the  DLC  system  would  be  required  to  determine  its  effects 
on  the  carrier  suitability  of  the  F-4J. 
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APPENDIX  A 

AERODYNAMIC  DATA  BASIS 


The  data  basis  used  for  aerodynamic  analysis  and  in  the  analog  computer 
program  during  this  study  is  based  on  wind  tunnel  data  modified  to  reflect 
available  "drooped"  and  "undrooped  aileron"  McDonnell  F-4  flight  test  data. 

In  developing  this  basis,  particular  emphasis  was  placed  on  matching  demon¬ 
strated  angle  of  attack,  velocity,  thrust,  and  trim  stabilator  character¬ 
istics  and  relationships  at  or  near  the  present  F-4J  approach  angle  of  attack 
of  13  degrees.  The  resulting  basis  is  presented  in  Figures  (A. la)  and  (A. lb). 
It  should  be  emphasized  that  this  basis  is  applicable  only  for  wing  angles  of 
attack  at  or  near  13  degrees. 

Additional  aerodynamic  derivatives  required  for  the  analog  computer  pro¬ 
gram  were  obtained  from  References  (5)  and  (6)  and  are  quoted  below  for  refer¬ 
ence. 


Cj^  *  -.0435/deg 

1375/deg 

**  -.Ol65/deg 

CLSs  -  .0095/deg 

CL$  *  .0435/deg 

Cd{  *  -.0025/deg 

The  above  parameters  are  not  totally  independent  of  angle  of  attack. 

However,  since  the  angle  of  attack  variation  from  13  degrees  was  small,  the 
above  nominal  values  were  selected  and  held  constant  throughout  the  analog  study. 

Other  aircraft  physical  characteristics  used  in  the  analog  computer  study 
were  obtained  from  Reference  (5)  and  are  quoted  for  reference. 


Iy  «  131,525  Slug-Ft2  it  «  4.25  deg. 

c  *  16.05  Feet  Z<p  *  .916  Feet 

S  *  530  Ft2 


0°/60°/60o,  5.  =  -8°,  =  30°. 0.  =  0.019,  Sk  =  16.5 


Figure  A.la  Model  F— 4J 
Analog  Study  Aerodynamic  Data  Basis 
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APPENDIX  B 


ANALOG  COMPUTER  PROGRAM  DESCRIPTION 


A  three-degree-of- freedom  analog  computer  program  was  utilized  during 
the  course  of  the  Direct  Lift  Control  (DLC)  study.  The  basic  airframe  equa¬ 
tions  of  motion  and  supplementary  equations  used  in  the  program  are  as  follows: 


Basic  Airframe 


E  Fx,  =  0 


1 - (°D  +  cDfi  A6a  +  A  Cjv,  )  -  W_V 

2  4e  8  “Tp  57.3 


+  T  cos  (  +  Aa  +  it) 


E  F^  =  0 


mV  y  = 


57.3  £ 


S  (CL  4-  CL6s  A6S  +  ACLp^)  -  W  ♦  P  VS  TT  C^O 


+  T8in  UWTRIM+Aa  +  it- 


E  Mqg  *  0 


lye  -  57.3  [p_|£  Sc  (Cn.33-+^8A{s^  Vp> 

+  p  1  8  t  (cm§e  +  IVa  )  -  Zr  T 
4 

-  1  (_|X)  (cL  +  4  Ci^)] 


Supplementary  Equations 

A  Nz  ■  V  Y 
g  57.3 


v  *  vtrim  +  ;  Vdt 


/  V  sinY  dt 


Y  *  Y 


TRIM 


+  /  Y  dt 
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a  =  Aa 

w  WTRIM 

(8) 

Aa  -  /  0  dt  -  /  y  dt 

(9) 

0  =  /0  dt 

(10) 

•  •  • 
a  *  0  -  y 

(11) 

CL  =  f  (a),  4  CL  »  f 

(12) 

CD  *  f  (  «).  4  CDpp  ■ 

(13) 

°“.33c  *  f(a)*  4  ‘Vp  “ 

f  ($Fp) 

(lh) 

The  above  equations,  and  the  Approach  Power  Compensation  System,  Stability 
Augmentation  System,  DLC  System,  etc.  characteristics,  indicated  on  the  block 
diagram  of  Figure  (B.l),  were  programmed  on  two  PACE  131  Analog  Computers  in  the 
McDonnell  Flight  Simulation  Laboratory.  A  computer  wiring  diagram  is  presented 
in  Figures  (B.2a)  and  (B.2b)  and  a  photograph  of  the  installation  is  shown  in 
Figure  (B.3).  The  data  were  recorded  on  one  or,  when  required,  two  eight  channel 
recorders  at  a  paper  speed  of  ten  millimeters  per  second.  Data  recorded  included 
flap  position  and  flight  path  angle  and  increments  of  velocity,  angle  of  attack, 
pitch  attitude,  normal,  load  factor,  altitude,  stabilator  position  and  thrust. 
Representative  examples  of  time  histories  obtained  are  presented  in  Section  2  of 
the  basic  report  and  in  Appendix  C. 
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Figure  B.3  Analog  Computer  Installation 
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APPENDIX  C 

ANALOG  PROGRAM  RESULTS 


The  analog  computer  program  described  in  Appendix  B  was  used  to  develop 
and  evaluate  the  Direct  Lift  Control  (DLC)  system  described  in  Section  2  of 
the  basic  report.  Items  investigated  include  flight  path  control  capabilities, 
wave  off  characteristics,  and,  to  a  limited  extent,  the  effect  of  DLC  system 
failures.  The  following  paragraphs  present  a  brief  description  of  results 
obtained. 

C.l  Flight  Path  Control  Capabilities 

The  flight  path  control  cpabilities  of  the  DLC  system  were  investigated 
to  determine  the  effect  of  initial  flight  path  angle,  gross  weight,  center  of 
gravity  and  trim  airspeed  on  the  response  to  DLC  commands.  In  each  case  the 
"baseline"  data  for  each  nominal  flap  position  were:  G.W.  =  34,000  lb.,  C.G.6 
29*  c,  Yo  *  0°;  and  aw  mM  =  13°. 

C.1.1.  Effect  of  Initial  Flight  Path  Angle  -  The  majority  of  the  analog 
data  were  obtained  for  an  initial  flight  path  angle  of  zero  degrees,  i.e.,  level 
flight.  This  not  only  facilitated  data  analysis  but  it  also  would  be  the  easiest 
to  duplicate  in  flight.  Figures  (C.la)  through  (C.2b)  present  typical  analog 
time  histories  which  demonstrate  the  effect  of  an  initial  flight  path  angle  of 
-3.5  degrees.  A  "time  shared  trace"  technique  which  permits  simultaneous  record¬ 
ing  of  both  original  and  actual  flight  paths  illustrates  the  effect  of  DLC  appli¬ 
cation  in  Figure  (C.lb).  Figures  (C.3a)  through  (C.6b)  present  a  comparison  of 
response  characteristics  obtained  at  initial  flight  path  angles  of  0  degrees  and 
-3.5  degrees.  The  effect  of  initial  flight  angle  on  incremental  load  factor, 
attitude,  and  altitude  is  small. 

C.l. 2  Effect  of  Gross  Weight  -  As  stated  above  a  normal  landing  gross 
weight  of  34,000  lb.  was  used  throughout  most  of  the  analog  program.  However 
to  determine  the  effects  of  gross  weight  on  flight  path  control  capabilities  two 
additional  gross  weights  of  37,000  lb  and  31,000  lb  were  evaluated.  Figures  (C.7a) 
through  (C.8b)  present  a  comparison  of  response  characteristics  obtained  at  the 
three  gross  weights.  No  change  in  peak  normal  load  factor  is  discernible  and 
the  differences  in  pitch  angle  and  altitude  that  do  exist  are  small. 

C.l. 3  Effect  of  Center  of  Gravity  -  In  addition  to  the  nominal  landing 
center  of  gravity  of  29*  c,  two  additional  center  of  gravity  positions  of  32  and 
26*  c  were  evaluated  in  a  manner  similar  to  the  gross  weight  study.  Figures  (C.9a) 
through  (C.lOb)  present  comparisons  of  the  responses  of  the  three  center  of 
gravity  positions.  The  differences  obtained  due  to  this  variation  are  small. 

C.l. 4  Effect  of  Trim  Velocity  -  Deviations  of  -  10  KCAS  from  the  normal 
trim  velocities  for  the  two  nominal  flap  positions  were  evaluated  to  deter¬ 
mine  the  flight  path  control  capabilities  at  different  landing  speeds.  As  shown 
in  Figures  (C.lla)  through  (C.12b)  incremented  changes  in  peak  normal  load 
factor,  pitch  angle  emd  altitude,  increeue  and  decrease  with  corresponding 
velocity  changes  but  these  variations  are  small. 
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C.2  Wave-off  Characteristics 


A  limited  evaluation  of  the  wave-off  characteristics  for  the  two  DLC  nomi¬ 
nal  flap  configurations  was  conducted  to  permit  comparison  with  similar  char¬ 
acteristics  for  the  present  Model  F-Uj  full  and  half  flap  configurations.  Wave- 
offs  from  a  -3.5  degree  glide  slope  approach  were  simulated  by  assuming  simul¬ 
taneous  pilot  commands  of  military  power,  airplane  nose  up  stabilator,  and  where 
applicable,  full  up  DLC.  A  brief  summary  of  the  results  obtained  is  given  in 
the  following  paragraphs . 

C.2.1  Two  Engine  Wave-off  -  Figure  (C.13)  compares  wave-off  characteristics 
obtained  for  the  27  degree  DLC  nominal  flap  configuration  with  wave-off  character¬ 
istics  of  the  Model  F-Uj  full  flap  configuration.  Figure  (C.lU)  presents  a  simi¬ 
lar  comparison  for  the  32  degree  DLC  nominal  flap  configuration.  Figures  (C.15a 
and  C.15b)  present  typical  analog  time  histories  of  the  above  data.  In  each  case, 
when  DLC  is  not  employed  the  effect  of  flap  configuration  is  relatively  small. 

When  DLC  is  employed,  the  stabilator  input  required  by  the  pilot  to  obtain  the 
same  altitude  loss  is  considerably  decreased;  however,  the  use  of  DLC  does  not 
significantly  increase  the  wave-off  capabilities,  i.e.,  minimum  altitude  loss  to 
the  point  where  rate  of  climb/sink  goes  to  zero.  This  is  further  illustrated  in 
Figure  (C.l6)  which  presents  a  summary  of  wave-off  characteristics. 

C.2. 2  Single  Engine  -  Figure  (C.17)  compares  single  engine  wave-off  char¬ 
acteristics  of  the  two  DLC  nominal  flap  configurations  with  the  characteristics 
of  the  present  Model  F-Uj  half  flap,  single  engine,  approach  configuration.  The 
use  of  DLC  during  single  engine  approaches  was  not  considered.  The  effect  of 
flap  position  is  almost  negligible  and  indicates  that  either  DLC-ncminal  flap 
position  would  be  suitable  as  a  single  engine  approach  configuration. 

C.3  Failure  Analysis 

A  limited  study  was  conducted  to  evaluate  the  consequences  of  two  DLC 
system  failures.  The  failures  considered  were: 

(1)  a  "downstream"  failure  which  results  in  a  full  down  DLC  command  to 
the  flaps  (i.e.  retract  flaps)  without  a  corresponding  command  to  the  DLC- 
Stabilator  Interconnect,  and 

(2)  an  "upstream"  failure  which  results  in  a  full  down  DLC  command  to 
both  the  flaps  and  the  DLC-Stabilator  Interconnect.  It  was  assumed  that 
insufficient  time  remained  in  the  approach  to  disengage  DLC  and  return 

to  the  normal  half  or  full  flap  configuration  and  that  the  pilot  attempted 
to  counteract  the  failure  with  stabilator  inputs  at  various  time  intervals 
after  failure. 

C.3.1  Effect  of  Stabilator  Input  -  Figures  (C.l8)  and  (C.19)  present  the 
effect  of  pilot  corrective  stabilator  input  on  the  maximum  deviations  of  the  air¬ 
craft  from  the  initial  flight  path.  The  "time  shared  trace"  technique  discussed 
in  paragraph  C.1.1  is  used  to  illustrate  the  flight  path  deviation  on  the  analog 
trace.  It  is  apparent  that  the  "downstream"  failure  is  somewhat  self  corrective 
in  that  the  absence  of  the  DLC-Stabilator  Interconnect  tends  to  return  the  air¬ 
craft  to  its  original  flight  path  without  corrective  action  by  the  pilot.  An 
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'’upstream”  failure,  on  the  other  hand,  does  require  considerable  pilot  cor¬ 
rective  action  to  counteract  the  effects  of  the  failure. 

C.3.2  Effect  of  Pilot  Reaction  Time  -  Figures  (C.20)  and  (C.21)  present 
the  effect  of  time  interval  between  system  failure  and  pilot  corrective  stabi- 
lator  input  on  the  deviations  of  the  aircraft  from  the  initial  flight  path. 

The  self  corrective  characteristics  of  the  "downstream"  failure  is  again  appar¬ 
ent  while  an  "upstream"  failure  is  more  sensitive  to  pilot  reaction  time.  How¬ 
ever,  there  is  apparently  only  a  short  time  interval,  in  the  final  approach  Just 
prior  to  touchdown,  during  which  a  failure  would: 

(1)  Result  in  significant  deviations  in  flight  path  or  sink  rate  at 

touchdown. 

(2)  Not  allow  sufficient  time  to  counteract  the  failure. 
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Figure  C.lb  Model  F-4J 
Effect  of  Initial  Flight  Path  Angle 
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Figure  C.14  Model  F-4J 
Wave-Off  Characteristics 


Report  E907 


1  September  1967 


G.W.  =  34,000  Lb.  C.G.at29°»c 
Initial  Flight  Path  Angle  =  -3.5° 


Symbol 


^p^on|(deg)Vjrjm(KCAS)  Power  Interconnect  DLC  command 


60 

132.0 

Mil. 

- 

- 

27 

143.1 

Mil. 

In 

Full  up 

27 

143.1 

Mil. 

- 

None 

32 

141.3 

Mil. 

In 

Full  up 

32 

141.3 

Mil. 

- 

None 

Incremental  velocity  at  y  0  -  AV  -  KCAS 


Figure  C.16  Model  F-4J 
Wave-Off  Characteristics  Summary 


icremental  pitch  angle  Incremental  velocity  Incremental  altitude 

change  aty«0°-  change  aty=0°-  cha*eaty  =  0°- 


Report  E907 


1  September  1967 


G.W. 

=  34,000  Lb., 

C.G.  at  29%t,y0  = 

-3.5°, 

aw  ,  *  13® 
"Trim 

Symbol 

I 

E 

a 

u_ 

to 

VTrim  (KCAS) 

Power 

DLC  command 

27 

143.1 

Mil 

None 

30 

142.5 

Mil 

None 

32 

141.3 

Mil 

None 

Note:  Incremental  stabilator  input  and  throttle  advanced  to  military  power 


simultaneously  by  the  pilot 


i 


Figure  C.17  Model  F— 4J 
Single  Engine  Wave-Off  Characteristics 


r*»im  mB»tmmmm0mmmimtmmaa, 


Report  E907 


1  September  1967 


’Nom 


27c 


G.W. «  34,000  Lb. 

v 


C.G.  at  29%f 

VTrim-  143.1  KCAS 

With  APCS 

y0  -  -3.5° 

aw  - 13° 
wTrim 

With  Interconnect 

At  =1.0  second 

Failure  occurs  at  t  *  0;  A5.  input  command  at  At  seconds 


A«s-0» 


Ms-0° 


»! 
U  , 

is: 


A5S«-1.0° 


A5S«-1.0° 


llllli 

. :(i|l 
PMf” 

M 

m 

•ill! 

881 

mu 

Hi 

881 

inn 

811! 

Hill 

i  m 

Iffi 

ill: 

181 

m 

1188 

lUil 

SUSS 

188 

188 

uu. 

imi 

risf: 

Hill 

flHt 

m 

m 

1181 

88! 

iUij 

‘ftti 

188 

818  i 

188 

m 

M 

txtxi 

188 

iiil; 

ITT  XT 

m 

i 

i  8111 

!II8 

iirtj 

m 

8l!i 

ill! 

1818 

181! 

188 

188 

188 ! 

m 

88! 

2  3  4  5  6 

Elapsed  time  - 1  -  seconds 


!  -«{ 

I  ^  -.20, 

-  -160 1 


ith 


lijij 

iUH 

Uilj 

Mttl 

UUJ 

Kiti 

i4?4 

twin 

mil 

M 

BCR 

188 

tt!l! 

818 

fOT 

188 

Hffi 

m 

818 

rtrf trtft 

mi  88i 

US 

iTTIt 

188 

m 

m 

NISI 

188 

Itllt 

188 

r?Ti 

88 

Hii48il0-"«?m!lftt»4!  '  ^818818  Ifni  18!  188 
IS!!  Hill  Hill  881 188  881  tint  u.  ,H,,*««8!B8 


iilfi 


m 

lini 

"TTTTT 


i 


iii 


iLi 


r¥r 

tiu 


4444 

±Mr. 


1:4  II 

t# 


wsi 


1  2  3  4  5  6 

Elapsed  time  - 1  seconds 


A$s--2.0° 


1  2  3  4  5  6 

Elapsed  tine  - 1  -  seconds 


ASs  -  -2.0° 


iifiifiilifliiiHiimilfiin- 


1  2  3  4  5  6  7 

Elapsed  time  -t-  seconds 
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Failure  Analysis  -  Effect  of  Pilot  Control  Correction 
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Figure  C.19  Mode!  F-4J 

Failure  Analysis  -  Effect  of  Pilot  Control  Correction 
DLC  Hardover  -  Downstream  of  Stabi  lator  -  Interconnect 
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Figure  C.20  Model  F-4J 
Failure  Analysis  -  Effect  of  Pilot  Reaction  Time 
DLC  Hardover  -  Upstream  of  Stabilator  -  Interconnect 
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Figure  Cil  Model  F-4J 
Failure  Analysis  -Effect  of  Pitot  Reaction  Time 
DLC  Hardover  -  Downstream  of  Stabilator  -  Interconnect 
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